Introduction
PPHN is a complex disease of the newborn, characterized by the persistence of high PVR of fetal life, after birth. This leads to a right to left shunting of blood through the patent ductus arteriosus (PDA) and the patent foramen ovale (PFO), leading to poor oxygenation of blood. The most accepted pathophysiology responsible for PPHN is the imbalance between pulmonary vasodilators, such as nitric oxide (NO) and prostacyclins (PGI 2 ), and vasoconstrictors, such as endothelin-1 and thromboxane A 2 [1, 2] .
Since its FDA approval in 1999, iNO has been the mainstay of PPHN treatment [3, 4] . It acts by stimulating soluble guanylate cyclase (sGC) in pulmonary vascular smooth muscle cells, thereby increasing the production of cyclic guanosine monophosphate (cGMP) [5] . cGMP stimulates calcium efflux from pulmonary vascular smooth muscle cells. This leads to pulmonary vasodilation without causing systemic vasodilation [5] .
Inhaled prostacyclin has emerged as a novel agent used in the treatment of PPHN especially useful in cases resistant to conventional iNO therapy. Studies have proven its effectiveness and safety when used alone [6, 7] . Inhaled prostacyclin, such as epoprostenol, act synergistically with NO, to achieve pulmonary arterial smooth muscle relaxation by the cyclic adenosine monophosphate (cAMP) pathway and act as adjuncts in the treatment of PPHN [6] . Prostacyclins bind to their receptor on smooth muscle cell and stimulate adenylate cyclase (AC) to increase production of cAMP [6] . This, in turn increases calcium efflux from pulmonary vascular smooth muscle cells leading to vasodilation.
More recently, Phosphodiesterase-5 (PDE-5) inhibitors, such as sildenafil, have been used in infants to achieve better oxygenation as monotherapy and in combination with iNO [7] . Sildenafil inhibits PDE-5 induced degradation of cGMP [8] . This further augments the pulmonary vasodilation action of iNO ( Figure 1 ). Sildenafil has also shown to minimize the rebound pulmonary hypertension seen with iNO withdrawal in neonates [9] .
Case
The patient is a term infant with echocardiographic diagnosis of PPHN of unknown etiology. Initial echocardiography demonstrated a normal 4-chamber anatomy, super systemic right sided pressures (peak systolic gradient across tricuspid valve 55 mmHg) and bidirectional shunting at the level of PDA and PFO. The diagnosis was further supported by hypoxemia out of proportion to the
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Abstract
Persistent pulmonary hypertension of the newborn (PPHN) is characterized by the persistence of high pulmonary vascular resistance (PVR) of fetal life, after birth. Inhaled nitric oxide (iNO) has been the mainstay of PPHN treatment. Intravenous (IV) sildenafil and inhaled epoprostenol are newer agents, which are currently not FDA approved. We describe the first reported case of PPHN in which the simultaneous use of iNO, IV sildenafil and inhaled epoprostenol resulted in hypotension and paradoxical hypoxemia. Term infant with PPHN of unknown etiology was treated with iNO with inadequate clinical response. Inhaled epoprostenol was added on day 4 of life to achieve synergism to iNO action. IV sildenafil was added to minimize rebound pulmonary hypertension associated with iNO withdrawal. However, within minutes of its administration a paradoxical response was noticed with significant hypotension and hypoxemia. IV sildenafil was immediately discontinued. We discuss the mechanism of action of each pharmacological agent and the resultant interactions that led to adverse effects in this patient. The patient was started on conventional mechanical ventilation and IV sedation with fentanyl at 1 mg/kg/hr and midazolam at 0.2 mg/kg/hr. iNO was started at 20 ppm. Vasopressors (dopamine, dobutamine and epinephrine) were added and titrated as needed to maintain systolic blood pressures above right sided pressure. In the absence of adequate response defined as persistent severe hypoxemia (minimal change in OI), inhaled epoprostenol was added on day 4 of life at 0.05 mcg/kg/min and was titrated up by 0.01 mcg/kg/ min every 30 minutes as tolerated to a max of 0.1 mcg/kg/min. The patient showed a good response to treatment, with improvements in preductal (99%) and postductal (98%) oxygen saturations (SaO 2 ), stabilization of systemic blood pressures and a lower OI (7.78) based on ABG. By day 7 of life, slow wean of pressors and iNO was started.
On day 7, at iNO of 5 ppm, IV sildenafil was started to attenuate rebound pulmonary hypertension associated with iNO withdrawal in neonates. A loading dose of 0.5 mg/kg was administered over 30 minutes, and within minutes a paradoxical response was noted with significant systemic hypotension (blood pressure dropped from 73/51 to 50/35 mm of Hg), hypoxemia (pre-ductal SaO 2 89%; post ductal SaO 2 86%) and tachycardia with substantial increase in OI to 20 (Figure 2) . Sildenafil was immediately discontinued, iNO was increased from 5 to 20 ppm, and pressor support was increased with the subsequent normalization of oxygenation (preductal saturation 99%; post ductal saturation 98%) and blood pressures (73/48 mmHg).
Subsequently, infant was weaned off iNO, epoprostenol and pressors; gradually and as tolerated without any further complications. He continued to do well till discharge home.
Discussion
The individual roles of iNO, systemic sildenafil and inhaled epoprostenol are well established in improving oxygenation and PVR in cases of PPHN [4, 6, 7] . However, as shown above in our patient, the concomitant use of iNO, inhaled epoprostenol and sildenafil resulted in paradoxical hypotension and hypoxemia. Shekerdemian et al. studied the interaction of iNO and IV sildenafil on a porcine model of PPHN secondary to meconium aspiration [10] . They observed that the simultaneous use of iNO and IV sildenafil resulted in lowered systemic blood pressure and systemic vascular resistance and produced profound arterial hypoxemia consistent with the effects seen in our patient. In this study, a 14% drop in mean arterial pressure was noted (70 mmHg to 60 mmHg), compared to our patient in whom an 18% drop was noted (55 mmHg to 45 mmHg).
Steinhorn et al. studied the pharmacokinetics of IV sildenafil use along with iNO. They noted that when IV sildenafil was administered in a loading dose of 0.05 mg/kg over 30 minutes or longer, it was well tolerated [7] . In their study, even higher loading doses were well tolerated when administered over 3 hours. However, any loading dose administered over less than 30 minutes resulted in hypotension. In our patient, hypotension and hypoxemia were noticed even though sildenafil was administered over 30 minutes. We propose this as the underlying mechanism for the changes seen in our patient upon administering IV sildenafil along with iNO and epoprostenol.
NO and sildenafil mediate calcium efflux out of vascular smooth muscle cell via the cGMP pathway [11] . Epoprostenol performs the same action via the cAMP pathway [12] , thus further potentiating the pulmonary vasodilator effect of NO. Sildenafil and epoprostenol also mediate systemic vasodilation. This can lead to systemic hypotension, increased right to left shunting across PFO and PDA and subsequent hypoxemia. In addition, iNO and epoprostenol are selectively distributed to well-ventilated areas to achieve localized pulmonary vasodilation. Sildenafil achieves pulmonary vasodilation in well and poorly ventilated areas of lung, leading to improved perfusion in these areas [13, 14] . This results in an exacerbation of ventilation perfusion (V-Q) mismatch in these poorly ventilated areas of the lung [13, 14] . We propose this as the underlying mechanism for the changes seen in our patient upon administering IV sildenafil along with iNO and epoprostenol.
Conclusion
Sildenafil and epoprostenol are newer agents that are especially useful in cases of PPHN resistant to conventional iNO therapy. These agents are currently not FDA approved for PPHN. Studies have proven their effectiveness and safety when used alone. However, their simultaneous use has not been studied extensively thus far. As such, extreme clinical caution is warranted when using these agents together. We propose administration of IV sildenafil over 3 hours as the safest approach in order to minimize paradoxical hypotension and hypoxemia particularly when used in combination with iNO and epoprostenol. In addition, titrating the dose of epoprostenol with the addition of sildenafil should be considered.
